ABSTRACT Validation of an in vivo method we developed recently and its application to assess the role of dietary factors in carotene conversion were tested in rats. We compared the ratio of area under plasma vitamin A time-curves (AUC 0 -12h ) obtained after a dose of ␤-carotene to that after a dose of vitamin A, with the in vitro intestinal supernatant ␤-carotene dioxygenase activity. In separate experiments, vitamin A (AD) and protein deficiencies (PD) were produced in male WNIN weanling rats. Corresponding food-restricted (AR and PR) and unrestricted rats (AA and PA) served as controls. Three rats in each of the AD, AR and AA groups received oral doses of 50 -300 g ␤-carotene or 25-150 g vitamin A and four rats in each of the PD, PR and PA groups received only 100 g ␤-carotene or vitamin A. The plasma vitamin A AUC 0 -12h with ␤-carotene or vitamin A were significantly and positively correlated (r ϭ 0.714 -0.918, n ϭ 9 -12, P Ͻ 0.05) with the dose in AD, AR and AA groups. The AUC 0 -12h slope ratios in AD, AR and AA rats were 0.33, 0.20 and 0.26, respectively. The ␤-carotene dioxygenase activity (pmol retinal ⅐ h Ϫ1 ⅐ mg protein
Protein energy malnutrition and vitamin A deficiency are the two most common nutritional disorders of children in poor communities in developing countries such as India. The plasma vitamin A concentrations are low in both these nutritional deficiencies for a variety of reasons (Smith et al. 1973) . Gronowska-Senger and Wolf (1970) found reduced intestinal carotene cleavage enzyme activity in protein-deficient rats. Vitamin A deficiency has been shown to increase carotene cleavage activity (Villard and Bates 1986) . However, no data are available on in vivo conversion either in protein-or vitamin A-deficient rats. Thus the importance of the changes in ␤-carotene dioxygenase activity in modifying the availability and absorption of vitamin A has not been ascertained.
Unlike vitamin A, high doses of ␤-carotene are not toxic. This is evident in patients with erythropoietic protoporphyria where treatment with large doses of ␤-carotene for prolonged period did not result in vitamin A toxicity (Mathews-Roth 1989) . This lack of toxicity may have been due to the downregulation of ␤-carotene dioxygenase activity. While considerable attention has been paid to the qualitative and quantitative conversion of carotene to vitamin A and the underlying mechanisms, there have been no attempts to correlate in vitro enzyme activity with in vivo conversion of ␤-carotene to vitamin A. We have recently described a novel approach to obtain in vivo conversion of ␤-carotene to vitamin A in rats and children and demonstrated that the efficacy is related to the vitamin A status in rats (Parvin et al. 1999) . This is based on the ratio of the area under the plasma vitamin A concentration vs. time curves 3 for vitamin A obtained after oral doses of ␤-carotene or vitamin A and therefore referred to as relative conversion of carotene to vitamin A. In an effort to validate the method and to obtain useful information on carotene nutriture, differences in the in vivo conversion of ␤-carotene to vitamin A were compared with the in vitro ␤-carotene dioxygenase enzyme activity in vitamin Aand protein-deficient rats, as well as in appropriate controls.
MATERIALS AND METHODS

Animals.
Male weanling WNIN rats (21-d-old) were supplied by the National Center for Laboratory Animal Sciences (NCLAS) at NIN. The rats were housed in individual cages in a well-ventilated room and fed their experimental diets. Free access to water was ensured. Individual body weights were recorded once each week, and food intake was monitored daily. Daily dark and light cycles were of 12-h duration. The experiments were approved by the Institutional Animal Ethical Experiments Committee.
Experimental protocol Experiment 1. Vitamin A deficiency. Weanling rats were randomly assigned to three groups (n ϭ 30) and were fed a vitamin A-deficient basal diet (John and Sivakumar 1989) . Vitamin A-deficient (AD) and control (AA) rats had free access to the diet while the third group (AR) received the diet restricted to the mean amount consumed by the AD rats. AA and AR rats were fed twice weekly oral supplements of 40 g retinol/d as retinol palmitate, prepared in arachis oil. When the rats attained the weight-plateau stage of deficiency at 8 -10 wk, in vivo and in vitro studies were conducted to assess the conversion of ␤-carotene to vitamin A.
In vivo studies. Four different doses of either ␤-carotene (50, 100, 200, 300 g) or retinol palmitate (equivalent to 25, 50, 100, 150 g retinol) were given orally to three rats in each group in 0.2 mL arachis oil. Blood was drawn at 0, 4, 8 and 12 h. The doses used were fixed based on the preliminary studies, wherein they resulted in significant increases in plasma vitamin A from the basal value. The dose was administered after depriving rats of food overnight. Rats were not fed until the last blood sample was drawn. Plasma vitamin A was estimated by spectrofluorimetry (Selvaraj and Susheela 1970) , AUC 0 -12h were calculated using the trapezoidal rule (Gibaldi and Perrier 1975) . The regression lines for serum vitamin A AUC 0 -12h vs. ␤-carotene doses or vitamin A doses were computed and the slopes were calculated. The ratio of slope of vitamin A from ␤-carotenetreated rats to that of vitamin A-treated rats provides an estimate of the effectiveness of ␤-carotene as a source of vitamin A.
In vitro studies. Six rats from each group were killed by cervical dislocation after withholding food overnight. The 100,000 ϫ g supernatant of intestinal duodenal mucosa was prepared for the assay of ␤-carotene dioxygenase (EC 1.13.11.21). The method was essentially as described by Goodman and Olson (1969) , and the products were assayed by HPLC according to Wang et al. (1991) .
Experiment 2. Protein deficiency. Weanling rats (n ϭ 42) were randomly assigned to three groups. One received a 5% protein diet (PD) and the other two control groups received a 20% protein diet. PD rats and one of the controls (PA) had free access to diet. The other control group (PR) was fed the 20% protein diet in an amount equal to the mean intake of PD rats.
The protein-deficient diet included (g/kg): wheat flour (55), roasted chick pea (Cicer arietinum) powder (151), casein (10), skimmed milk powder (10), arachis oil (60), vitamin mixture (10), salt mixture (40), corn starch (600), cellulose (64). In the 20% protein diet, the quantities of chickpea powder, casein and skimmed milk were quadrupled at the expense of starch. The vitamin and salt mixtures were described earlier (John and Sivakumar 1989) . After 6 wk, in vivo conversion of ␤-carotene to vitamin A using 100 g oral ␤-carotene or vitamin A and intestinal ␤-carotene dioxygenase activity was determined in these rats as described for vitamin Adeficient rats. A single dose was employed in this experiment because the linear dose response for AUC 0 -12h with different doses of ␤-carotene and vitamin A doses was established in the vitamin A-deficiency experiment. Plasma vitamin A was estimated by the fluorimetric method given earlier and serum albumin was determined by a dye-binding method (Gustafsson 1976) . Both methods have intraassay and interassay variations Ͻ 6%.
Food restriction. Because we had two sets of data from foodunrestricted and food-restricted controls in the vitamin-A and protein-deficiency experiments, their in vitro and in vivo conversions of ␤-carotene to vitamin A were compared also.
Statistical analyses. The differences in means for variables such as body weight, plasma vitamin A, AUC 0 -12h , serum albumin and enzyme activity were evaluated by ANOVA with least significant differences as the posthoc test. Changes in plasma vitamin A with time were evaluated by the repeated measures ANOVA.
For each rat, the AUC 0 -12h were calculated after correction for the initial plasma vitamin A concentration. All AUC 0 -12h in expt.1 were plotted against the doses administered and subjected to regression analysis for the three different groups. The statistical significance of correlations between the dose and AUC 0 -12h for ␤-carotene or vitamin A were tested for their difference from 0. The correlation coefficients (r) were compared among the three groups and tested for homogeneity using 'z ' transformation. In the case of expt. 2, the ratio of vitamin A AUC 0 -12h for ␤-carotene and vitamin A was derived from the mean values of AUC 0 -12h from four rats obtained with a single dose of ␤-carotene or vitamin A.
RESULTS
Vitamin A deficiency (expt. 1)
Induction of deficiency. Rats fed vitamin A-deficient diet (AD) became vitamin A-depleted after 8 wk, and their body weight was less than in the AR and AA rats (P Ͻ 0.01) ( Table  1) . Their lower plasma vitamin A (P Ͻ 0.01) along with no significant gain in body weight over the preceding week (data not shown) indicated that the weight-plateau stage of vitamin A deficiency had been attained. AR rats that received a restricted amount of food had significantly lower body weight and plasma vitamin A than AA rats (P Ͻ 0.01).
Dose response. Rats investigated around 8 wk (25 g vitamin A and 50 g ␤-carotene) had significantly higher plasma vitamin A concentrations compared to other depleted rats studied between 9 and 10 wk. After administering ␤-carotene or vitamin A, the plasma vitamin A concentrations significantly increased to attain peak levels after 4 -8 h which then declined between 8 and 12 h ( Table 2 ). In general, AUC 0 -12h of plasma vitamin A in rats given higher doses of both ␤-carotene or vitamin A were greater than in rats administered lower doses and showed no further change after an optimum dose was reached (Table 3) . There was a significant positive correlation between the dose of ␤-carotene or vitamin A administered and the AUC 0 -12h of plasma vitamin A in AD rats ( Fig. 1A and B) . The results in AR and AA rats were similar to those of AD rats when vitamin A dose was administered. However, in the case of ␤-carotene, the relationship was linear and significant only up to the 200-g dose (r ϭ 0.714, P Ͻ 0.05; n ϭ 9) and not with the inclusion of the 300 g dose (r ϭ 0.405, P Ͼ 0.05; n ϭ 12). The differences in r between ␤-carotene or vitamin A doses with AUC 0 -12h within a group or among the three groups were not significant when tested for homogeneity.
In AD group rats, the in vivo conversion of ␤-carotene to vitamin A derived from the slope ratio was higher than the values in AR and AA rats. The ␤-carotene dioxygenase activity in AD rats was significantly greater than in AR and AA rats ( Table 4) .
Protein deficiency (expt. 2). The body weights of PD rats were significantly lower than those of both control groups, PR and PA (P Ͻ 0.01) ( Table 1 ). The body weights of PR rats were significantly lower than those of PA rats. The serum albumin concentrations did not differ among the three groups. The AUC 0 -12h with vitamin A dose was significantly higher in PD rats compared to other two groups ( Table 5) .
In PD rats, the conversion ratio of AUC 0 -12h for ␤-carotene to vitamin A was less than in PR and PA groups (Table  4 ). The intestinal ␤-carotene dioxygenase activity was also lower in PD rats than in both the controls.
Food restriction. The in vivo conversion of ␤-carotene to vitamin A in AR and PR groups was lower than in their corresponding food-unrestricted controls, AA and PA rats (Table 4 ). The ␤-carotene dioxygenase activity was comparable in the two sets of control groups.
DISCUSSION
There have been extensive studies on the characteristics of ␤-carotene dioxygenase and the qualitative conversion of ␤-carotene to vitamin A in vitro. However, information on in vivo conversion is scarce (Wolf 1995) .
In the present study we have compared the enzyme activity with in vivo conversion in vitamin A-and protein-deficient rats and in food-restricted rats. Vitamin A deficiency. The weight-plateau stage represents depletion of vitamin A stores without any complications such as infection. The plateauing of weight gains and a decline in the plasma level of vitamin A at 8 wk confirm the attainment of the weight-plateau stage of deficiency in AD rats ( Table 1) .
As expected, the plasma levels of vitamin A after ␤-carotene or vitamin A administration showed a peak after 4 -8 h and subsequently decreased by 12 h. However, in AD rats, the 12-h plasma vitamin A concentrations were above the basal values. This is consistent with the earlier findings of Loerch et al. (1979) , who developed the relative dose-response test. In vitamin-A deficiency, accumulation of apo-RBP in liver was reported to occur, and a pulse of vitamin A resulted in dramatic release of vitamin A into the circulation as the holo-RBP complex. Thus, in vitamin A-depleted rats, the plasma vitamin A levels at 5 h are expected to be higher than those in the basal state, whereas in controls, there is no increase at 5 h.
The increase in efficiency of conversion of ␤-carotene to vitamin A in AD rats, as reflected by the AUC 0 -12h slope ratio (Table 4) may be an adaptive response that enhances the availability of vitamin A to the system during adverse vitamin A nutriture. Villard and Bates (1986) made similar observations. There have been few studies in which in vitro enzyme activity was compared with in vivo conversion in the same set of rats.
Recently, an effort was made by van Vliet et al. (1996) to correlate the in vitro intestinal ␤-carotene dioxygenase activity with the in vivo ␤-carotene conversion to vitamin A. In this study, a dose of ␤-carotene was administered to rats with three different levels of vitamin A nutriture. The intestinal conversion was derived using the molar ratio of retinyl esters and ␤-carotene present in lymph. The authors concluded that the activity of the intestinal enzyme is an adequate indicator of in vivo cleavage activity. However, the validity of the data of van Vliet et al. (1996) is questionable because no corrections were made for changes in vitamin A pool size in vitamin A-deficient rats, and no quantitative data on conversion were given. Also, the data pertain to only a small fraction of the total vitamin A that was administered.
Protein deficiency. In PD rats, there was a significantly lower body weight, though the serum levels of albumin were not significantly affected. This may be because 6 wk of feeding the 5% protein diet had not resulted in severe enough protein deficiency to alter the serum albumin levels ( Table 1) .
One of the important observations is that both in vitro ␤-carotene dioxygenase enzyme activity as well as in vivo carotene conversion reflected by AUC 0 -12h ratio were lower in PD rats than in controls (Table 4) . Earlier, Gronowska-Senger and Wolf (1970) found lower intestinal ␤-carotene dioxygenase activity in protein-deficient rats. Our results confirm their finding. However, there have been no reports in the literature on in vivo conversion of ␤-carotene to vitamin A in proteindeficient animals. 1 Values are means Ϯ SD, n ϭ 4. Means in a column for an experiment without a common superscript differ (P Ͻ 0.01).
2 Slope ratio is slope of plasma vitamin A AUC 0 -12h with ␤-carotene Ϭ slope of plasma vitamin A AUC 0 -12h with vitamin A obtained with different doses.
3 AUC 0 -12h ratio ϭ mean plasma vitamin A AUC 0 -12h with ␤-carotene Ϭ mean plasma vitamin A AUC 0 -12h with vitamin A obtained with 100 g dose. 4 AD, vitamin A-deficient rats; AR, food-restricted control rats to AD; AA, food-unrestricted control rats to AD; PD, protein-deficient rats; PR, food-restricted control rats to PD; PA, food-unrestricted control rats to PD.
FIGURE 1
Correlations between area under plasma vitamin A time-curves during 0 -12 h (AUC) 0 -12h and different doses of ␤-carotene (A panel) and vitamin A (B panel) in vitamin A-deficient group (AD) rats. The data were analyzed by linear regression. The correlation coefficients between the dose and AUC 0 -12h for ␤-carotene and vitamin A, respectively were 0.715 and 0.854 in food-restricted control to AD group (AR) and 0.714 and 0.918 in food-unrestricted control to AD group (AA) rats. All 'r' values were significantly different from 0 (P Ͻ 0.05; n ϭ 9 -12) and the differences among 'r' values for all three groups were not significant by 'z' transformation.
Food restriction. Food-restricted rats had similar specific activity of ␤-carotene dioxygenase to controls in both experiments but relatively lower in vivo conversion (about 25% in expt. 1, 50% in expt. 2) compared to rats with free access to food (Table 4 ). The reasons for this difference in the two variables are not understood. It is possible that factors other than ␤-carotene dioxygenase enzyme activity may be involved in the conversion of ␤-carotene to vitamin A.
As described by other investigators (Gronowska-Senger and Wolf 1970, Villard and Bates 1986), we found greater ␤-cartotene dioxygenase activity in vitamin A-deficient rats and a lower activity of this enzyme in protein-deficient rats. The variation in intestinal enzyme activity was thus found to broadly agree with the in vivo conversion in each set of experiments, validating the method for determining in vivo conversion values (Table 4) . This is the first time that differences in ␤-carotene dioxygenase activity were related to the physiologically important measure of in vivo conversion. In contrast to what is generally accepted, that ␤-carotene conversion is a constant figure of 50% (WHO 1967) , the present results indicate that it is flexible and varies with the nutritional status.
